A novel, simple and convenient approach to assemble non-covalent hybrids of carbon nanotubes with therapeutic oligonucleotides immobilized by means of biodegradable linker is described. Model RNA, 
Introduction
Nucleic acid therapy is a highly promising eld of modern medicine.
1
Different types of oligonucleotides, their analogues and conjugates are now under pre-clinical and clinical testing as potential drugs to treat tumors, viral infections, neurodegenerative diseases etc.; new formulations containing therapeutic nucleic acids are being elaborated.
2-4
Nevertheless, some obstacles decreasing the efficiency of nucleic acid therapeutics are not yet fully overcome. One of the major challenges is the problem of a delivery of therapeutic oligonucleotides into the cytosol where they are able to cause a functional effect.
5,6
To date, numerous ways have been proposed to increase the efficiency of nucleic acid delivery into a cell. 2 The promising way is to use nanoparticles as carriers of oligonucleotides. In particular, carbon nanotubes (CNTs) are actively used as nucleic acid carriers due to the combination of high transfection efficiency and low toxicity aer modication with biomimetic organic moieties. 7 CNTs and their hybrids with nucleic acids are known to penetrate across the cell membrane by a variety of mechanisms: direct spearing of cell membrane (due to the rigidity of CNT structure), endocytosis, macropinocytosis and phagocytosis. 8 As a result, the effect of nucleic acid therapeutics is observed upon delivery with CNTs both in vitro and in vivo.
9
Hybrids of carbon nanotubes with nucleic acids are formed by means of covalent linkage (oligonucleotide conjugation with functionalized CNTs) or non-covalent interactions (van der Waals interactions, electrostatic binding, p-p stacking, etc.).
9,10
An efficient method of the latter is to use polyaromatic molecules (e.g., pyrene) interacting with CNT surface by p-p-stacking interactions as anchor groups for non-covalent immobilization of oligonucleotides on CNT surface.
11-14
The use of small anchor groups, such as pyrene, for oligonucleotides immobilization on the carbon nanotube surface can simplify the construction of CNT-nucleic acids hybrid nanoparticles as well as provides a methodology to obtain multifunctional nanoparticles. Earlier, we have described the preparation of non-covalent hybrids of pyrene-modied oligonucleotides with uorescently labeled single-walled carbon nanotubes (SWCNTs). 15, 16 This method is believed to be promising thanks to the relative simplicity of the synthesis of pyrene conjugates of oligonucleotides, high density of CNT functionalization and low toxicity of the hybrid constructions. However, the reported constructions lack an efficient way of release of oligonucleotides from their hybrids with CNTs. The presence of a bioreducible linkage between an anchor group and an oligonucleotide can provide the release of the oligonucleotide aer the penetration of a nanoconstruction across the cell membrane.
Here we report a novel, simple and convenient way to immobilize oligonucleotides on the CNT surface using pyrene anchor groups conjugated to the oligonucleotides by a short linker containing the disulde bond. Due to the presence of the bioreducible fragment in the structure of the linker, oligonucleotide can be released from the hybrid in a controlled manner upon the interaction with cell metabolite glutathione at physiological concentrations.
Experimental section

Oxidation of carbon nanotubes
Raw single-walled carbon nanotubes (Sigma, US) were oxidized as described in ref. 19 . Briey, 500 mg raw SWCNTs were dispersed in 200 mL 70% nitric acid and heated at 115 C for 6 h. SWCNT-COOH were recovered by ltration using PTFE lters with pore diameter of 100 nm (Millipore, US), rinsed thoroughly with deionized water and dried. The characteristics of SWCNT-COOH are given in the ESI. †
Synthesis of 5
0 -pyrene conjugates of oligonucleotides 5 0 -Phosphorylated oligonucleotides bearing the 3 0 -"inverted" thymidine on the 3 0 -termini were synthesized using the solidphase phosphoramidite method on the automatic ASM-800 RNA/DNA synthesizer (Biosset, Russia) using UltraMild b-cyanoethyl phosphoramidites and corresponding polymer supports (Glen Research, US) according to the protocols optimized for this instrument, 20 deprotected using standard procedures and puried by 15% polyacrylamide gel electrophoresis (PAGE).
Solutions of triphenylphosphine (6.8 mg, 25 mmol) and 2,2 0 -dipyridyl disulde (5.3 mg, 25 mmol) in anhydrous DMSO (25 mL each) were added to a solution of 5 0 -phosphatemodied oligonucleotide (cetyltrimethylammonium salt; approx. 0.03 mmol) and 4-N,N-dimethylaminopyridine (5 mg, 41 mmol) in anhydrous DMSO (50 mL). The reaction mixture was stirred for 15 min at 37 C. The activated oligonucleotide was precipitated with 2% NaClO 4 in acetone, quickly washed with acetone, and dissolved in water (5 mL), followed by the addition of cystamine dihydrochloride (2.1 mg, 9.3 mmol) or 1,6-diaminohexane (1.1 mg, 9.4 mmol) in a DMSO (25 mL)/ triethylamine (5 mL) mixture. The reaction mixture was stirred for 2 h at 37 C. The nucleotide material was precipitated with 2% NaClO 4 in acetone, washed with acetone and dried. At the next stage, the oligonucleotide was dissolved in 0.05 M NaHCO 3 , pH 8.3 (5 mL)/DMF (10 mL) mixture. The solution of 1-pyrenebutyric acid N-hydroxysuccinimide ester (2.0 mg, 5.2 mmol) in DMF (20 mL) was added by 10, 5 and 5 mL portions. The reaction mixture was stirred for 30 min at 37 C aer each addition. Then nucleotide material was precipitated with 2% NaClO 4 in acetone, washed with acetone and dried. The obtained conjugates were puried by 15% PAGE, and their structures were conrmed via MALDI TOF mass spectrometry and UV and uorescence spectroscopy (for details, refer to the ESI †).
Adsorption isotherms of 5 0 -pyrene conjugates of oligonucleotides onto SWCNTs
To obtain solutions of the hybrids, SWCNT-COOH were added to a buffered (10 mM PBS, pH 7.4) oligonucleotide solution (1 mM) to a nal concentration of 1-96 mg L À1 and sonicated for 30 min using Sonorex Super RK 31 H ultrasonic bath (Bandelin Electronic, Germany). The uorescence spectra of samples were recorded upon excitation at 347 AE 4 nm using CLARIOstar microplate reader (BMG LABTECH, Germany). The amount of oligonucleotide adsorbed onto the SWCNTs was calculated as
, where I P is the intensity of the pyrene uo-rescence at 378 nm in the oligonucleotide-SWCNT hybrid solution, and I 0 P is the intensity of the pyrene residue uores-cence at 378 nm in the reference oligonucleotide solution at the same concentration (1 mM). A stable dispersion of carbon nanotubes was considered to be a solution for calculations.
The experimental data were tted using a model of binding with a lag:
, where n ads is the amount of is the radioactive signal of the band of the non-cleaved oligonucleotide, and I total is the total radioactivity of the sample. Kinetic parameters of cleavage (k obs and S-S bond half-life) were determined from cleavage curves using the GraphPad Prism 5.0.4.533 soware.
Results and discussion
The use of hybrids of carbon nanotubes with nucleic acids as therapeutic agents requires the release of oligonucleotide part from a carrier in a functional form; this requirement is especially important in the case of the delivery of siRNA or micro-RNA naturally existing in a duplex form. The immobilization of nucleic acids on SWCNT surface can distort their structure 21, 22 and consequently decrease their biological activity in a cell. That is why the development of CNT-based nucleic acid therapeutics requires the use of biodegradable linkages facilitating the release of therapeutic molecule from a hybrid upon intracellular delivery. In particular, disulde linkage is widely used for this purpose.
18,23
An interesting example of CNT-oligonucleotide hybrids with biodegradable bonds was reported by Dai et al. [24] [25] [26] In their work, SWCNT surface was covered by diaminopoly(ethylene glycol)-phospholipid conjugate followed by oligonucleotide conjugation via disulde bond upon treatment with bifunctional reagent SPDP (succinimidyl 3-(2-pyridyldithio)propionate). Such a design of hybrids permits to immobilize nucleic acids on SWCNTs and to protect them from the nuclease digestion upon transporting into a cell, as well as provides their release in cytosol induced by glutathione at physiological concentrations.
In contrast, our idea is to use small anchor group and quite simple linker between this group and oligonucleotide to simplify the preparation of the nanoparticles and potentially increase the coverage of CNT surface with cargo molecules. As a platform for the formation of hybrids with oligonucleotides, carboxyl-functionalized single-walled carbon nanotubes (SWCNT-COOH) were chosen. The carboxylation step is important, since as-grown CNTs are hardly applicable for the design of the drug carriers as they may contain non-carbon impurities and large number of defects on the surface, 19, 27 furthermore, they generally are more toxic than chemically modied CNTs. 28 To prepare SWCNT-COOH, we used the procedure that eliminates the most part of impurities, and produces 7-15 wt% carboxylic groups. 19 In our hands, this procedure afforded SWCNT-COOH with good oligonucleotide binding efficiency.
15,16
The approach used (Fig. 1) is based on the non-covalent functionalization of SWCNTs with pyrene conjugates of oligonucleotides that contain a bioreducible or stable linker. The use of pyrene as an anchor group provides strong immobilization of oligonucleotide on the SWCNT surface and provides the possibility to quantify in by the quenching of pyrene uores-cence. When exposed to the disulde-reducing agents, oligonucleotides anchored via disulde-containing linker are released from the hybrids, whereas their analogues containing stable linker remain anchored on SWCNTs.
As oligonucleotide components of hybrids, 18-mer model DNA, RNA and 2 0 -O-methyl RNA oligonucleotides of identical sequence (abbreviated here as dON, rON and mON, respectively, Fig. 2 ) were used. These three types of oligonucleotides were chosen to demonstrate the applicability of the proposed approach for the construction of SWCNT-based hybrids with major types of therapeutic oligonucleotides: antisense oligonucleotides (DNA oligonucleotide), small interfering RNA or microRNA (RNA oligonucleotide), and microRNA inhibitors (DNA and 2 0 -O-methyl RNA oligonucleotides). The oligonucleotides contained 5 0 -phosphate group and so-called 3 0 -"inverted" thymidine, the thymidine nucleotide introduced by 3 0 -3 0 -internucleotidic linkage (structures given in Fig. 2 ). This modication is known to increase the stability of oligonucleotides towards exonuclease digestion without decreasing the biological activity, 29 however, in the present work, the 3 0 -"inverted" thymidine additionally provides a site for the convenient T4 polynucleotide Fig. 1 Scheme of the preparation of the SWCNT-oligonucleotides hybrids and subsequent release of oligonucleotides.
kinase-mediated radioactive labeling that was used for the visualization of oligonucleotides by radioautography (see below).
To introduce pyrene moieties onto the 5 0 -termini of oligonucleotides, the 5 0 -phosphate group was activated by triphenylphosphine and 2,2 0 -dipyridyl disulde in the presence of 4-N,N-dimethylaminopyridine as a nucleophilic catalyst 30 with subsequent interaction with an aminolinker (Fig. 2) . Two linkers of equal lengths were used: cystamine as bioreducible linker and 1,6-diaminohexane as stable one. 1-Pyrenebutyric acid N-hydroxysuccinimide ester was then graed onto the 5 0 -amino groups to give the target conjugates (ON-L1 and ON-L2 for cystamine and 1,6-diaminohexane-containing conjugates, respectively), which were isolated by preparative gel electrophoresis. The characteristics of the 5 0 -pyrene conjugates of oligonucleotides are given in the ESI. † The non-covalent hybrids of the pyrene conjugates of oligonucleotides with SWCNT-COOH were formed by the adsorption of pyrene residues onto the defectless sites of the SWCNT surface. The pyrene uorescence intensity decreases upon the increase of the SWCNT-COOH concentration due to the quenching of the uorescence when it is adsorbed onto the SWCNTs. 31 The quenching of pyrene uorescence upon adsorption on CNTs is static, 32 the same character of quenching is reported for pyrene anchor groups used for immobilization of cargo on the CNT surface. 33, 34 Basing on the quantitative data on the uorescence quenching, the isotherms of adsorption of 5 0 -pyrene conjugates of the oligonucleotides rON, dON, mON on SWCNT-COOH were plotted (Fig. 3) . The comparison of the isotherms provides the information on the effect of the oligonucleotide nature and linker structure on the oligonucleotide immobilization efficiency. There were no considerable differences found among the isotherms of adsorption of different oligonucleotides. Neither the nature of oligonucleotide (DNA, RNA, 2 0 -O-methyl RNA) nor the structure of a linker (with or without disulde bond) has the effect on the oligonucleotide adsorption efficiency. The dissociation constant K d is approx. 10 mg L À1 in all cases. This observation is in agreement with our previous ndings obtained for oligonucleotides having short stable linker between pyrene moiety and oligonucleotide. 10 It should be noted that the adsorption curves have sigmoidal behavior (lag in the region 1-5 mg L À1 ) that suggests the partial disruption of SWCNT bundles and aggregates upon the interaction with oligonucleotides. This suggestion was conrmed by the atomic force microscopy studies (Fig. S2 in the ESI †) . The capacity of the SWCNTs for oligonucleotide adsorption (i.e., the maximal At the next stage, the release of oligonucleotides from the hybrids in a model system was studied. As a disulde-reducing agent, glutathione was chosen. Glutathione is an important metabolite having multiple activities at the cellular and organismal level. 35 The concentration of glutathione in a cell is quite high (generally, 0.5-10 mM in cytosol), so it is assumed to be responsible for the release of the oligonucleotide immobilized on the SWCNTs by reducing the disulde bond in the linker L1. To conrm this assumption, SWCNT-COOH were saturated with [ 32 P]-labeled pyrene conjugates of oligonucleotides rON-L1, dON-L1, mON-L1 (1 mM) and incubated in PBS-buffered solutions containing 1, 5, or 10 mM glutathione. The samples were analyzed by polyacrylamide gel electrophoresis assay, and the cleavage products were detected by radioautography (Fig. S5 in the ESI †). Since the concentration of oligonucleotides in the kinetic experiments is at least 1000 times lower than the concentration of glutathione, the experimental curves can be tted using the pseudo-rst order model. Kinetic parameters of the disulde bond cleavage (apparent kinetic constants, k obs , and disulde bond half-life time values) in pyrene conjugates of oligonucleotides dON-L1, rON-L1 and mON-L1 and their hybrids with SWCNT-COOH are given in Table 1 (for Generally, the half-life time of the disulde bond in free conjugates ON-L1 is 1.5-9 h depending on the glutathione concentration (median approx. 3.5 h); the adsorption on SWCNTs increases the half-life time up to 2-10 h (median approx. 6 h). As expected, no release of oligonucleotides from the hybrids was observed when pyrene conjugates of oligonucleotides ON-L2 containing stable linker were subjected to the glutathione treatment (Fig. S5 in the ESI †). This nding conrms that the release of oligonucleotides from the hybrids is caused exclusively by disulde bond reduction and not by the displacement of the pyrene moieties on the SWCNT surface by glutathione or buffer components. The typical release time values of the SWCNT-bound oligonucleotides are comparable with the typical duration of endocytosis and formation of endosomes/lysosomes 8 that suggests the relevancy of described hybrids for biological experiments.
It should be noted that the rate of disulde bond reduction in a cell can be different due to the presence of other molecules or enzymes able to cleave this bond. For instance, there is an enzyme referred to as GILT, gamma-interferon-inducible lysosomal thiol reductase. GILT is transported into endosomes and catalyzes the disulde bond reduction both in vitro and in vivo having the highest activity at pH 4-5.
36 Considering this, one can conclude that the release of oligonucleotides from hybrids can start in late endosomes/lysosomes, even before the escape of hybrid into cytosol where it can interact with glutathione.
An important consequence of the glutathione-mediated cleavage of the disulde bond between pyrene anchor group and oligonucleotide is the fact that the residual carrier (carbon nanotube with thiol-containing pyrene molecules) is assumed to be abundantly conjugated with glutathione molecules. It is known that, being involved in many biochemical processes in a cell, glutathione takes part, in particular, in the xenobiotic excretion from a cell as an excretion marker. 37, 38 That is why the CNT-carrier bearing multiple glutathione fragments in principle can be eliminated from a cell aer the release of oligonucleotides.
Conclusion
We have suggested a novel approach to obtain hybrids of singlewalled carbon nanotubes with therapeutically relevant oligonucleotides that are released upon glutathione treatment at physiological concentrations. Thanks to being applicable for the immobilization of different types of oligonucleotides on the CNT surface (DNA, RNA, 2 0 -O-methyl RNA), the method can be used for the design of nanoconstructions to deliver a variety of therapeutic oligonucleotides into a cell. The formation of hybrids with oligonucleotides results in partial disaggregation of the SWCNT bundles that can be an advantage for the biomedical use, since it potentially reduces the toxicity of the hybrid material. An important advantage of the method is that the tips and defect sites on the CNT surface are not available for the oligonucleotide immobilization, so they can be functionalized orthogonally. 16 The covalent functionalization of CNTs with different functional groups (reporter groups, addressing moieties etc.) followed by non-covalent anchoring of oligonucleotides by bioreducible linker can result in the formation of multifunctional CNT-oligonucleotide hybrids that are highly promising for the biomedical applications due to the possibility of the oligonucleotides release in a cell. The use of a small anchor group and short linkers for the oligonucleotide immobilization permits to avoid the steric endurance in the course of the preparation of such multifunctional hybrids. We believe that this approach can advance the design of multifunctional constructions at nano-bio interface.
